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ABSTRACT
We examine the inter-relationship of the superpotential containing hidden and observ-
able matter fields and the ensuing condensates in free fermionic string models. These gauge
and matter condensates of the strongly interacting hidden gauge groups play a crucial role
in the determination of the physical parameters of the observable sector. Supplement-
ing the above information with the requirement of modular invariance, we find that a
generic model with only trilinear superpotential allows for a degenerate (and sometimes
pathological) set of vacua. This degeneracy may be lifted by higher order terms in the
superpotential. We also point out some other subtle points that may arise in calculations
of this nature. We exemplify our observations by computing explicitly the modular invari-
ant gaugino and matter condensates in the flipped SU(5) string model with hidden gauge
group SO(10)× SU(4).
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1. Introduction and General Remarks
Nonperturbative dynamics of strongly interacting supersymmetric gauge theories has
been explored using a wide variety of tools with great success [1,2]. A better understand-
ing of dynamics may lead to solutions to some deep-rooted problems like supersymmetry
breaking [3], the gauge hierarchy problem [4], and even string compactification [5]. In
the context of string theory, the task of incorporating strongly interacting gauge theory
dynamics becomes even more compelling since many crucial properties of the string theory
may not be discerned until a deeper grasp of the vacuum structure of this kind of gauge
theories is obtained [6].
Typically a theory which aims to go beyond the Standard Model and explain some of
its features, may contain many different mass scales beyond MZ and may involve many
other gauge degrees of freedom, some of which may even be strongly interacting. Examples
of such theories include all grand unified theories [7], technicolor theories [8], and super-
gravity theories with or without strongly interacting hidden sectors [9]. In any of these
theories one may propose the existence of a strongly interacting gauge theory for no other
reason, save the problem at hand, i.e., elimination of elementary Higgs fields [8], super-
symmetry breaking [10], etc. However, in string theory one finds that the consistency of
the theory forces upon us the existence of a completely hidden and/or semi-hidden gauge
group which has to reckoned with. Furthermore, one finds that in a large class of models,
the theory also contains hidden matter fields. The interaction of the hidden matter fields
with themselves and with the observable matter fields is in principle completely calculable
[11]. It is the interplay between nonperturbative dynamics of the hidden sector and its
possible effect on the observable sector which is of great interest.
In this paper we examine the reciprocal influence of the nonperturbative dynamics of
strongly interacting gauge theories and the interaction among the matter fields in a class
of models. The type of models we consider are characterized by two mass scales: ΛG where
the gauge theory becomes strong, and the mass scale M (M≫ ΛG). The key ingredient
that allows us to probe the theory in great detail is the tamed ultraviolet behavior of the
theory due to supersymmetry and the presence of genuinely stringy discrete symmetries.
In a typical supergravity theory, without the benefit of any string input, the dynamics
of the gaugino condensate depends primarily on the gauge coupling constant g and the
masses of the matter fields charged under the strongly interacting gauge group. However, in
string theory the gauge coupling g is related to the vacuum expectation value of the dilaton
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field S as 1/g2 = 4Re〈S〉 and consequently becomes a dynamical variable. Furthermore,
the interactions of the matter fields are only dictated by the string dynamics and, in a class
of theories, are calculable [12]. Additionally, string theory imposes very strong discrete
symmetries (the so-called target space modular symmetries [13]) on the theory, making
the structure of the gaugino condensate very tightly constrained.
In the preparatory examples treated in the literature [14,15,16,17], i.e., examples
with only one modulus field and the case where all matter fields of the hidden gauge group
acquire masses through trilinear superpotential terms, most of the stringy information has
been incorporated. Specifically, for the case of SU(N) with M flavors in the fundamental
representation, when the massM of the matter fields is M≪ ΛG, one finds [15]
Y 3
32π2
= (32π2e)M/N−1[cη(T )]2M/N−6[detM]1/Ne−32π
2S/N , (1.1a)
Πij =
Y 3
32π2
M−1ij , (1.1b)
where T is the modulus field and η the Dedekind function, c is an unknown constant, the
composite superfield Y is defined as Y 3 =WαW
α/S30 where S0 is the chiral compensator,
and Πij = 〈CiCj〉 are the matter condensates. Using one-loop renormalization group
equations, the complementary case of M ≫ ΛG can also be incorporated [16]. For an
alternate approach using an effective Lagrangian see Ref. [17]. However, a generic full-
fledged string theory example introduces its own set of complications. It is the purpose of
this paper to examine some of these involutions.
In a realistic example, to obtain a coherent picture of the vacuum structure of the
theory requires a multipronged approach. Generically one finds that some of the matter
fields which carry nontrivial gauge quantum numbers of the strongly interacting theory do
not acquire mass at the trilinear level of the superpotential. As it can be easily shown that
a strongly interacting supersymmetric gauge theory with massless matter fields is beset
with the problem of pathological vacuum structure [1], this necessitates that the mass
calculations for the matter fields be carried up to quartic order and beyond.
The presence of the modular invariance further restricts the type of terms that can
arise [5]. In a class of models higher order nonrenormalizable terms can be calculated [12]
and their modular invariance properties inferred [18]. The key point to note here is that
the requirement of a stable vacuum mandates that the superpotential be probed up to
the level at which the determinant of the mass matrix is nonzero. The presence of a zero
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eigenvalue in the mass matrix invariably leads to both theoretical (unstable vacua [1]) and
experimental (breakdown of the equivalence principle [19]) difficulties.
Furthermore, strongly interacting supersymmetric gauge theories are notorious for
containing a large class of degenerate vacua. Unless the effects of the superpotential
are taken into account, the degeneracy remains unbroken. Additionally, many of the
expositions in strongly interacting gauge theory dynamics are based on the global and/or
local symmetries of the theory [1], thus in the absence of complete knowledge of the
superpotential an unambiguous identification of the vacuum structure may not be possible.
The free-fermionic formulation of string theory [20] is specially suited to explore these
questions, since the nonrenormalizable terms can be explicitly calculated [12] and modular
properties of these terms can also be determined. Succintly put, a nonrenormalizable term
Φ1 . . .ΦN can be calculated by evaluating the correlator 〈Φ1 . . .ΦN 〉. After taking into
account the massless exchanges, a nonzero piece at low momenta signifies a presence of such
a term in the superpotential. A priori, the existence of such a term in the superpotential
would be inconsistent with modular invariance. However, it can be shown [18] that the
nonzero value of the correlator 〈Φ1 . . .ΦN 〉 implies a nonzero value of the following series of
correlators 〈T pΦ1 . . .ΦN 〉, where p ≥ N − 3 and T
p is a definite product of p moduli fields
of the theory. Supplementing this observation with the requirement of modular invariance,
we find that the coefficient of a given nonrenormalizable term can be summed up into a
modular covariant function made up of products of Dedekind η functions of the moduli
fields involved. A modular invariant gaugino condensate will also have to be reconciled
with the nontrivial modular properties of nonrenormalizable terms.
Thus we see that the question of gaugino condensate cannot be answered indepen-
dently of the superpotential. The effect of the superpotential is felt in determining the
vacuum structure of the theory lifting the degeneracy of the vacuum, and in the specific
value of the gaugino condensate.
2. Application to Flipped SU(5)
We now present an explicit example of the calculation of hidden massive matter con-
densates and the various subtle points that arise in realistic string models. To this end
we study the flipped SU(5) string model [21] which has a rich hidden sector spectrum
composed of two gauge groups, namely SO(10) and SU(4). Since SO(10) is expected to
become strongly interacting at a scale (Λ10 ≈ 10
14−16GeV [22]) much higher than the
3
respective SU(4) scale (Λ4 ≈ 10
10−12GeV [22]), in the following we deal exclusively with
SO(10) condensates. Besides Λ10, two other mass scales come into play: the SU(5)×U(1)
beaking scale, V, V ∼ 1015−16GeV; and the scale of singlet vevs needed to cancel the
anomalous D-term, 〈φ〉 ∼ 1017GeV [21,6]. All these scales are to be compared with the
string unification scale MSU ≈ 1.24× g × 10
18GeV [23,24] and the scale of nonrenormal-
izable terms in the superpotential M ≈ 1018GeV [12].
We first need to determine the mass matrix for the SO(10) fields. These belong to
the 10 of SO(10) and are denoted by Ti, i = 1 → 5. There are generally three sources of
mass terms for these fields:
(i) TiTjφ
N−2: at N=3 we have the following terms [6,25]
Φ23T
2
1 ,Φ31T
2
2 ,Φ23T
2
4 ,Φ31T
2
5 , φ3T4T5, (2.1)
where the various φ’s are singlet fields which will generally get vevs 〈φ〉 ∼ 1017GeV, but
could vanish for consistency or phenomenological reasons. Following the methods in [26],
it can be shown that no new terms arise at any order N ≥ 4, except for small corrections
to the above terms (e.g., T 21Φ31φ¯
2
1/M
2).
(ii) TiTjF1,3F¯5φ
N−4: here F1,3 and F¯5 are the SU(5) fields which get vevs V, V respectively.
No such terms occur at N=4,6,8. At N=5 we get T1T4F1F¯5φ3/M
2 and at N=7
T3T4F3F¯5{φ2φ3φ¯
−, φ2φ¯3φ
+, φ3φ¯2φ
+}/M4, (2.2a)
T3T5F3F¯5{φ3φ¯
−Φ31, φ¯3φ
+Φ31}/M
4. (2.2b)
Yet higher order terms (N ≥ 9) are further suppressed by powers of (〈φ〉/M) ∼ 10−2.
(iii) TiTjTkTlφ
N−4: no such terms occur at N=4,5,7. At N=6 we get
T3T3T4T4φ45φ
+/M3, (2.3a)
T1T1T4T5{φ1φ¯2, φ2φ¯1}/M
3, (2.3b)
T1T1T4T5φ1Φ31/M
3. (2.3c)
With yet higher orders further suppressed.
We should point out that a very useful constraint in searching for non-vanishing higher-
order nonrenormalizable terms in the superpotential is given by the modular invariance of
the all-orders superpotential, as discussed above.
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The resulting Ti mass matrix can be written as follows
Mij =

Φ¯23 0 0 η 0
0 Φ31 0 0 0
0 0 δ44 δ34 + ǫ4 ǫ5
η 0 δ34 + ǫ4 δ33 + Φ23 φ2
0 0 ǫ5 φ2 Φ31
 (2.4)
where
δij = 〈TiTj〉φ45φ
+ 1
M3
≡
δ
M
Πij , (2.5a)
ǫ4,5 = F3F¯5
φ34,5
M4
, (2.5b)
η = F1F¯5φ3
1
M2
, (2.5c)
with the relevant φ34,5 given in (2.2). It is important to estimate the sizes of the various
entries in Mij . With the above mentioned scales we obtain: 〈φ〉 ∼ 10
−1M , η ∼ 10−5M ,
ǫ4,5 ∼ 10
−7M , and δ ∼ 10−2.
Since Πij =
Y 3
32π2M
−1
ij , and Mij depends on Πij also, the solution of the resulting
equations can be rather nontrivial. We now invert the matrix M in various levels of
approximation to exhibit the subtleties that can arise. As a first approximation let us
drop all nonrenormalizable contributions to M. In this limit the matrix breaks up into
three blocks with a zero eigenvalue for T3. The solution is Π11,22,44,45,55 ∼
Y 3
32π2
1
〈φ〉
and
Π33 →∞, with all the other condensates vanishing. Clearly this is an unphysical situation
and we are forced to consider nonrenormalizable terms.
Next we keep the δij terms and neglect the ǫ4,5 and η terms. Schematically the matrix
becomes 
φ 0 0 0 0
0 φ 0 0 0
0 0 δ44 δ34 0
0 0 δ34 δ33 + φ φ2
0 0 0 φ2 φ
 . (2.6)
The 2 × 2 submatrix involving T1,2 remains unchanged, i.e., Π11 ∼ Π22 ∼
Y 3
32π2
1
〈φ〉
. To
simplify the calculation without loss of generality, let us set 〈φ2〉 = 0, thus decoupling the
T5 field, i.e., Π45 = 0, Π55 ∼
Y 3
32π2
1
〈φ〉 . The remaining 2× 2 matrix can be easily inverted
and the following three equations result
Π44
{
1−
Y 3
32π2
1
D
δ
M
}
= 0, (2.7a)
5
Π33
{
1−
Y 3
32π2
1
D
δ
M
}
=
Y 3
32π2
〈φ〉
D
, (2.7b)
Π34
{
1 +
Y 3
32π2
1
D
δ
M
}
= 0, (2.7c)
where
D =
(
〈φ〉+
δ
M
Π33
)
δ
M
Π44 −
(
δ
M
Π34
)2
. (2.8)
Equation (2.7c) can be solved if (i) Π34 = 0 and/or (ii)
Y 3
32π2
δ
DM
= −1. In case (ii) we get
from (2.7a)
Π44 = 0, (2.9)
and from (2.7b)
Π33 =
1
2
Y 3
32π2
〈φ〉
D
= −
1
2
M
δ
〈φ〉 ∼M2. (2.10)
Also, Π34 gets determined through D,
Π34 =
(
Y 3
32π2
M
δ
)1/2
. (2.11)
In case (i), Eqn. (2.7a) gives Π44 = 0 and/or
Y 3
32π2
δ
DM
= 1, both of which lead to unphysical
or inconsistent solutions. Thus solution (ii) is preferred. Note that the field T3 remains
very light (δ44 = 0), while Π33 ∼M
2 is finite.
For the case when all matter fields are the mass eigenstates, the usual clustering
argument, which is based on the symmetries of the superpotential, would imply that
Π34 = 0. However, we see that T3, T4 are not mass eigenstates due to a mixing term
ǫ4T3T4 ∼ 10
−7MT3T4. The presence of such a term breaks the degeneracy of the vacuum:
Π44 = 0,Π34 6= 0 and Π44 6= 0,Π34 = 0. One can repeat the above calculations taking
ǫ4 6= 0 (and ǫ5 = 0 for simplicity) and the only change in Eqs. (2.7) is in the right-
hand side of Eq. (2.7c) which becomes − Y
3
32π2
ǫ4
D . The solutions of the equations are more
complicated, but they differ negligibly from the case ǫ4 = 0. That is, even though ǫ4 is
negligible numerically, its presence determines the correct vacuum of the theory.
The above example shows the importance of knowing the higher-order superpotential
to obtain physically acceptable results. We should point out that it may happen that
some of the singlet vevs vanish, implying δ = 0 and/or ǫ4,5 = 0. As discussed above, this
scenario may lead to unphysical solutions and thus these vev choices appear disfavored.
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3. Calculation of the Gaugino Condensate
We now calculate the only unknown left in the theory, namely the gaugino con-
densate Y 3. Equation (1.1a) has been obtained by imposing the modular symmetry of
SL(2,Z) on the effective action. Generally the modular group is much larger. For the
class of free-fermionic models under consideration one finds that the symmetry group is
SL(2,Z)3 accompanied by three moduli fields [18]. Correspondingly the gaugino conden-
sate is straightforwardly generalized, and in the case of SO(10) with M massive flavors we
obtain
Y 3
32π2
= (32π2e)M/8−1[cη(T1)η(T2)η(T3)]
−2[detM̂]1/8e−32π
2S/8, (3.1)
where detM̂ is the determinant of the mass matrixM calculated with modular invariant
mass terms. This way Y 3 has modular weight (−1,−1,−1) and Weff ∝ Y
3 [17] has the
correct modular properties in this generalized case.
Let us now compute detM̂ for the case analyzed in Eqs. (2.9)–(2.11) above where
detM = Φ23Φ
2
31[δ44δ33 − δ
2
34 + δ44Φ23]. (3.2)
The trilinear masses Φ23 and Φ31 have modular weights
1 (−1, 0) and (0,−1) respectively
and thus we take instead η2(T1)Φ23 and η
2(T2)Φ31. The δij terms come from the following
superpotential term
a T3T3T4T4φ45φ
+ η2(T1)η
4(T2), (3.3)
where a is an O(1) calculable constant and the η functions insure that this contribution
to the superpotential has the appropriate modular weight (i.e., (−1,−1)) [18]. This im-
plies that δ/M defined in Eq. (2.5a) should be multiplied by η2(T1)η
4(T2) as well. With
this information and the modular weights of the fields involved, one can readily deter-
mine whether additional η functions are needed to make the mass terms in (3.2) modular
invariant. The final result is
detM̂ = Φ23Φ
2
31η
2(T1)η
4(T2)[(δ33δ44 − δ
2
34)η
2(T1)− δ44Φ23], (3.4a)
= −Φ23Φ
2
31 a
φ45φ
+
M3
Y 3
32π2
η6(T1)η
8(T2), (3.4b)
1 The modular weights of fields in free fermionic models are given in [24]. Here we also use
T3, φ45, φ
+ : (−1/2,−1/2) and T4 : (0,−1/2). Note that we only consider the modular properties
under the T1,2 moduli fields. The modular transformations under T3 are less obvious and are still
under investigation.
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where Eqs. (2.9) and (2.11) have been used.
To make our results for Y
3
32π2 more transparent, we insert the missing units in Eq. (3.1)
and setM = 5. The exponential factor then becomesM19/8e−32π
2S/8 withM ≈ 1018GeV.
Using 4g2 = 1/S and introducing the SO(10) condensation scale Λ10 =Me
8π2/(βg2), with
β = −3× 8 + 5 = −19, this factor becomes Λ
19/8
10 , and thus we can write
Y 3
32π2
= (32π2e)−3/8[cη(T1)η(T2)]
−2Λ310
(
det
M̂
Λ10
)1/8
, (3.5)
which is a modular invariant generalization of the usual gaugino condensate expression [1].
Note that since detM̂ depends on Y
3
32π2 as well, the final expression for
Y 3
32π2 is different,
as follows
Y 3
32π2
= (32π2e)−3/7[cη(T1)η(T2)]
−2Λ310
(
det
M̂′
Λ10
)1/7
, (3.6)
with
det
M̂′
Λ10
= −Φ23Φ
2
31a
φ45φ
+
Λ210M
3
η4(T1)η
6(T2). (3.7)
Numerically, the Λ310(det
M̂′
Λ10
)1/7 terms determine the scale of Y
3
32π2 . For typical values of the
parameters we obtain Λ10 ∼ 10
15GeV, det M̂
′
Λ10
∼ 10, and Y
3
32π2 ∼ (10
15GeV)3. The matter
condensates then become Π11 ∼ Π22 ∼ Π55 ∼ (10
14GeV)2, Π44 ∼ 0, Π33 ∼ (10
18GeV)2,
and Π34 ∼ (10
16GeV)2.
4. Conclusions
Gauge and matter condensates are very important in the analysis of realistic string-
derived models, since these typically involve hidden gauge groups which communicate
with the observable sector, although rather feebly. The calculations presented in this
paper address some of the difficulties that are likely to arise in typical models, such as the
degeneracy of the vacuum and the need to explore the superpotential to high orders. The
latter requires an understanding of the modular invariant properties of the superpotential
to all orders in nonrenormalizable terms. We have made the above points explicit in the
particular case of the flipped SU(5) model with SO(10) hidden gauge group and matter
fields in the fundamental representation. In this case the gaugino condensate has to be
solved self-consistently together with the matter condensates, a feature that may only be
appreciated in a calculation in an explicit string model.
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